predicts type 2 diabetes, adipose tissue seems likely to also have a role in the disease development. 8 Indeed, recent studies suggest adipose tissue DNA methylation to have a role in metabolic disturbances. For example, DNA methylation in the promoter of ADRB3 in visceral adipose tissue has been associated with waist-to-hip ratio and blood pressure in obese men. 9 Also, the metabolic regulator PPARGC1A exhibit altered DNA methylation levels in subcutaneous adipose tissue after high-fat overfeeding in a birth weight dependent manner. 10 This adds to the dynamic epigenetic regulation of this gene and the association with metabolic phenotypes, which has previously also been demonstrated in human skeletal muscle 11, 12 and pancreatic islets. 13 PPARGC1A encodes the transcriptional co-activator peroxisome proliferator-activated receptor gamma (PPAR-g) coactivator-1a, which is known to regulate the expression of genes with a central role in mitochondria and it also plays a major role in adipose tissue. [14] [15] [16] Another study identified 3,258 genes specific regulatory elements that play a critical role in gene regulation and susceptibility to metabolic diseases. 18 This was exemplified by an association of metabolic disease and altered DNA methylation in an enhancer element upstream of ADCY3, a region previously linked to metabolic diseases and processes. The strong tissue specificity of DNA methylation has also been shown within different adipose depots, with the ability to epigenetically regulate depot-specific gene expression in abdominal and gluteal adipose tissue. 19 This is an important finding considering that different adipose depots are known to mediate different effects on the risk for metabolic disorders.
Multiple studies in human pancreatic islets as well as skeletal muscle suggest an epigenetic component in the regulation of genes involved in the pathogenesis of type 2 diabetes and glucose metabolism. 5,6.20-23 However, the role of DNA methylation, and involvement of physical activity, on different genes in subcutaneous adipose tissue has until recently been poorly understood.
Genome-wide Changes in DNA Methylation in Response to Exercise
In a recent study, we investigated the genome-wide DNA methylation pattern in human adipose tissue biopsies before versus after a 6-month exercise intervention. 24 The study cohort included middle aged, previously sedentary men. Surprisingly, we could see that changes in the DNA methylation pattern in adipose tissue had taken place on almost 18,000 individual CpG sites throughout the genome after the exercise intervention, corresponding to 7,663 unique genes or roughly 1/3 of all genes in the human genome. However, the absolute changes in DNA methylation were generally small, ranging from 0.2-10.9 % with a peak around 2-5 %. In most cases, the genes had become more methylated and about 90 % of the individual CpG sites that significantly changed in response to exercise increased the level of DNA methylation. Additionally, 1/3 of the gene regions with altered adipose tissue DNA methylation also showed a difference in the expression of that gene.
A similar approach has also been undertaken in human skeletal muscle using a different methodology. 25 Here, 2,817 genes were found to be differentially methylated after the 6-month exercise intervention, but
in contrast to what was found in adipose tissue, most of the genes showed decreased levels of DNA methylation after exercise. A pathway analysis revealed decreased DNA methylation of genes involved in retinol metabolism and calcium signaling as most significant after exercise.
The insulin signaling pathway was enriched for genes exhibiting both increased and decreased DNA methylation.
Altered DNA Methylation of Genes Associated with Type 2 Diabetes and Obesity After Exercise
Lifestyle interventions, including exercise and diet, are known to reduce the risk for type 2 diabetes in high-risk groups. 26, 27 One hypothesis in our study 24 was therefore that altered adipose tissue DNA methylation as a result of physical activity could be one of the mechanisms of how selected candidate genes may affect the risk for metabolic diseases.
Based on that, we investigated if candidate genes for obesity or type 2 diabetes, identified using genome-wide association studies, 28 were found among the genes exhibiting changed levels of DNA methylation in adipose tissue in response to 6 months exercise. Among all 476,753 analyzed DNA methylation sites, 1,351 sites mapped to the 53 genes suggested to contribute to obesity, and 1,315 sites mapped to the 39 genes suggested to contribute to type 2 diabetes.
Indeed, we found 24 CpG sites located within 18 of the candidate genes for obesity with a significant difference in DNA methylation in adipose tissue in response to the exercise intervention (see Figure 1) . Two of those genes (CPEB4 and SDCCAG8) also showed concurrent inverse change in messenger RNA (mRNA) expression after exercise. Among the type 2 diabetes candidate genes, 45 CpG sites in 21 different genes were differentially methylated in adipose tissue before versus after exercise (see Figure 1 ). Of note, 10 of these CpG sites mapped to KCNQ1, a gene known to undergo parental imprinting and encoding a potassium channel, 29 and six CpG sites mapped to TCF7L2, the number one risk gene for type 2 diabetes. For both KCNQ1 and TCF7L2, all differentially methylated sites are found within the gene body, which is of particular interest since TCF7L2 encodes different splice variants 30, 31 and different methylation profiles between exons and introns may affect alternative splicing. 32 Among the type 2 diabetes candidate genes with altered DNA methylation, a simultaneous change in mRNA expression was seen for HHEX, IGF2BP2, JAZF1 and TCF7L2, where mRNA expression decreased while DNA methylation increased in response to exercise.
Although the average difference in DNA methylation in response to exercise is of modest magnitude, the changes are often consistent across most individuals. This is, for example, seen for a methylation site in the gene body of ITPR2, where all individuals responded to exercise with an increase in DNA methylation. The ITPR2 locus has previously reported to be associated with waist-hip ratio. 33 We found two methylation sites within this gene with altered DNA methylation in adipose tissue in response to exercise: one site located in the promoter region; one within US ENDOCRINOLOGY on skeletal muscle DNA methylation and identified biological pathways including MAPK, insulin, and calcium signaling to be enriched for differentially methylated genes. Our results also suggest new mechanisms for how different genes may predispose to obesity or type 2 diabetes, and also a new mechanism for the beneficial effect of exercise on metabolic health. To account for cross-talk between tissues and the interplay within the whole human body, future studies should emphasize on investigating multiple tissues at different time points and in response to different external stimuli, to get a better understanding of the regulatory role of DNA methylation in the ever-changing environment. Additionally, it will be interesting to test if the epigenetic changes induced by exercise remain also when no or less exercise is performed, and if the epigenetic changes are reversible. n
